Features observed during reanodizing in 0.1 M ammonium pentaborate electrolyte through the preformed barrier film formed in molten eutectic mixture of NaHSO 4 :NH 4 HSO 4 (1:1 mol), as a mobile tracer, results from the operation of several factors, such as film density, current density, and field strength. When the density of the preformed film is less than that of the second stage film, the preformed film is perfectly preserved and the incorporated sulphate ions in the preformed film are immobile under the influence of high field during reanodizing. Therefore, it is likely that the preformed film behaves as an ideal inert marker layer.
Introduction
The growth of anodic films on aluminum has been investigated with film morphology, 1 composition, 2 and ion transport processes. [3] [4] [5] [6] In the previous work 2, 3, 5, 6 it was shown that the film formed in the molten eutectic mixture of NaHSO 4 :NH 4 HSO 4 (1:1 mol) has a duplex nature, at least with respect to film composition. The outer part of the film contains sulphate whereas, the inner part of the film is composed of relatively pure alumina. Thus, the possibility exists that the sulphate containing layer can be employed as a tracer ('mobile marker') to investigate the growth mechanisms of anodic films during anodizing in aqueous electrolytes. Furthermore, the telling texture change associated with the sulphate containing film region during electron beam heating is an aid to the study of the sulphate ion distribution within the two stage film, i.e. the film developed after the anodizing in an aqueous electrolyte. 5, 6 To quantify this behavior further, in this work, a systematic study of the film growth in 0.1 M ammonium pentaborate electrolyte has been carried out in terms of morphological and compositional features, which leads to a better understanding of the ionic transport processes during anodizing.
Experimental
In order to prepare specimens for anodizing in molten eutectic mixture of NaHSO 4 :NH 4 HSO 4 (1:1 mol), the following procedure was employed. The aluminum sheet of 99.99% purity (30 mm © 10 mm © 1 mm) was cut into rectangular coupons using a guillotine with a steel blade and then the specimen was attached to the aluminum wire with aluminum connector. Prior to anodizing, the electrodes were electropolished in a perchloric acid-ethanol mixture with 20 V for 5 min at temperatures lower than 298 K to develop a reproducible surface finish. A preformed anodic film, with the sulphate ion tracer incorporated within the film section was formed in the following manner. Initially, a relatively thin anodic film was formed at a constant current density of 10 A m ¹2 to 60 V without current decay in a molten eutectic mixture of NaHSO 4 :NH 4 HSO 4 (1:1 mol) at 418 K. The specimen was then transferred to the 0.1 M ammonium pentaborate electrolyte and was anodized at 1 A m ¹2 at 293 K. For direct observation, the films attached to the substrate were sectioned with a diamond knife by ultramicrotomy (Du Pont Sorval ultrarmicrotomes) and the sections were examined using transmission electron microscope. X-ray microanalysis was carried out with the EDX facility of the Philips EM 400 T electron microscope. For analysis, a nano probe of nominal probe diameter of about 10 nm was selected to optimize spatial resolution and the count rate for X-ray analysis. Beam spreading in the present analysis conditions of about 10% was anticipated.
6 X-ray was accumulated for 100 s (live time) to minimize contamination of the specimens; X-ray counts for aluminum and sulphur were determined for the ultramicrotomed sections. In order to obtain the density of the anodic film, Rutherford backscattering spectra were obtained for 2.0 MeV 4 He + ion beam at normal incidence to the film attached to the aluminum substrate. 6 
Results and Discussion
Rutherford backscattering analysis of the anodic films formed to 50 V, prior to dielectric breakdown, at 10 A m ¹2 in the molten melt in the temperature of 418 K has been conducted. Information obtained from the Rutherford backscattering Energy spectra is listed in Table 1 . From the channel width of aluminum within the film and the following equation, the density of the anodic film, P, can be calculated.
where x is the thickness of the anodic film measured from the transmission electron micrographs of ultramicrotomed film section, S Al is the stopping power of aluminum in the anodic film (644 KeV µm
¹1
), and dE/dx is the energy loss per unit channel (5.4349 KeV channel
). The densities of the anodic films formed in the molten melt obtained from Eq. (1) are listed in Table 1 . The density value was found to be about 3.10 « 0.05 © 10 3 kg m ¹3 . A preformed anodic film, with the incorporated sulphate ion tracer within the film section, was formed in the following manner. Initially, a relatively thin anodic film, about 76 nm in thickness, was formed at a constant current density of 10 A m ¹2 to 60 V, without current decay, in the molten salt at 418 K. The same specimen was then transferred to the ammonium pentaborate electrolyte and was anodized at constant current density of 1 A m ¹2 at 293 K. No difference in visual appearance between films developed in the presence and absence of the preformed anodic film was observed. The voltage-time behavior in the second stage of anodizing (Fig. 1) showed a similar slope to that evident for anodizing aluminum directly except an initial rapid increase of voltage due to the presence of the preformed film, suggesting that the preformed anodic film was not sufficient resistivity to jump 60 V, possibly different film composition and film structure, with the second stage of anodizing. 4 Interestingly, a relatively fine, bubblelike region, about 42 nm in thickness, present near the middle of the film section, was readily apparent on initial observation [ Fig. 2(a) ].
EDX analyses, presented in Table 2 showed that the bubble-like region contained a relatively high level of sulphur. Film regions adjacent to bubble-like features were relatively free from sulphur, at least within the detection limits of the EDX technique. The majority of the film sections examined revealed that the 'bubble-like' regions were located in the inner layer adjacent to the film/substrate interface and were readily apparent on initial observation [ Fig. 2(b) ]; no fixed position within the inner region was evident. On the other hand, one of the film sections was featureless, as shown in Fig. 2(c) , with relatively flat metal/film and film/electrolyte interfaces. Careful scrutiny of the film section [ Fig. 2(c) ] revealed a light band, about 40 nm in thickness, near the middle of the film section. The electron micrograph of the film section, after electron beam induced crystallization, using the technique developed by Shimizu et al, 2 is shown in Fig. 2(d) . After exposure to the electron beam for 20 min, numerous small crystal-like textures, representing regions Table 2 . X-ray counts of two stage film shown in Fig. 2(a) . Electrochemistry, 81(11), 893-895 (2013) that are diffracting at their particular orientation to the electron beam, 6 were observed in an inner layer, about 230 nm in thickness, next to the metal and in the outer layer, about 150 nm in thickness, adjacent to the electrolyte. However, an apparent amorphous band of film, about 40 nm in thickness, was revealed clearly near the middle of the film section. This is clearly different from observations of electron beam induced crystallized films, formed in the ammonium pentaborate electrolyte, where no region was observed near the middle of the film section, as reported by Shimizu et al. 2 Therefore, it seems apparent that the amorphous band of film near the middle of the film section was derived from the preformed film, formed in the molten salt. Furthermore, it is apparent that the preformed film 'structure' is preserved during the second stage of anodizing and is evidently more 'stable' than that of the film formed in the ammonium pentaborate electrolyte. Careful scrutiny of the film section [ Fig. 2(d) ] showed a relatively diffuse boundary between the crystallized layers and the amorphous film; this suggests that the preformed film structure was partly converted to the new film material formed in the ammonium pentaborate electrolyte.
EDX analysis was performed for the same film section before electron beam induced crystallization [ Fig. 2(a) ]. The nominal probe size of the electron beam was 10 nm in diameter, although a beam spread of about 10% was anticipated. The X-ray counts a represented in Table 2 and the positions of the electron probe are marked in Fig. 2(a) .
There was no evidence for the bubble-like region within the film section and for the existence of sulphur by EDX. Therefore, it seems likely that the incorporated sulphate ions in the preformed film migrate inwards, in a radial manner, to the metal/film interface during the second stage of anodizing under the low current density condition, i.e. 1 A m ¹2 . Therefore, the transport number of aluminum, t Al , during the second stage of anodizing can be determined from the thickness ratio of the outer layer to total film thickness (excluding the preformed 'middle' layer), by the following expression;
where X 1 is the thickness of the outer layer and X 3 the thickness of the inner layer, giving a value of about 0.4 which is similar to previous work.
2-4,6
Conclusions
This work demonstrates that the preformed barrier film formed in the molten salt can be employed as a marker to obtain the apparent transport numbers of aluminum and oxygen-containing ions during the second stage of anodizing in the ammonium pentaborate electrolyte.
The marker layer, i.e. the sulphate containing layer, allied with transmission electron microscopy of ultramicrotomed film sections, represents a further method to determine the transport numbers and the migration behavior of the incorporated sulphate ions of the preformed film, without the need to employ foreign inert maker atoms such as xenon.
In addition, the apparent transport number of aluminum can easily be obtained from the location of the preformed film near the middle of the film section in the two stage film, giving a value of about 0.4.
